The amount of lactate formed during ischemia determines the rise in tissue Peo2 (P,eo2). Conflicting re sults exist on the relationship between lactate and P,eo2•
Peo2/lactate relationship was linear. The results obtained could be reproduced by a theoretical buffer system that The increase in tissue Peo2 (P tco2) during com plete brain ischemia is predictably related to the amount of lactate formed during ischemia; thus, Pco2 must change to lower values in hypoglycemic and to higher ones in hyperglycemic subjects (Ljunggren et aI. , 1974a) . This contention was sub stantiated by Kraig et al. (1986) , who induced vary ing degrees of hyperglycemia prior to inducing com plete ischemia, with subsequent measurements of Ptco2 with a surface CO2 electrode. Unexpectedly, the results revealed a discontinuous Pco2/lactate re lationship, with a gradual increase in Ptco2 in the tissue lactate range of 7-15 mm Hg, and a precipi tous rise to 390 mm Hg at lactate contents of 17-20 mmol kg -1. At higher lactate contents, Ptco2 did mimics the buffering behavior of intracellular fluid. Our results bear on the question of whether compartmentation of H + occurs during ischemia, with glial cells becoming more acid than neurons. A discontinuous Peo2/lactate re lationship, with a constant Peo2 above a certain lactate content, would support this contention. Since our results demonstrate a linear relationship between lactate and Peo2 over the lactate range 2-40 mmol kg -I, they con siderably weaken any argument for gross compartmenta tion of H+. Key Words: Compartmentation of H+ Complete ischemia-Lactic acidosis-Tissue Peo2• not increase further. The authors interpreted their findings to show that lactic acid was now formed in a compartment whose HC03 -content was close to zero. This result, and data obtained on the corre sponding relationship between alactate and the change in extracellular pH (pHe), were used to de duce that H + is compartmentalized during ischemia and to conclude that intracellular pH (pHj) becomes excessively low in one compartment, presumed to be glia, during ischemia in hyperglycemic subjects.
These interesting and provocative findings intro duced a new concept in the acid-base chemistry of disease, and the interpretations were subsequently supported by direct pH electrode measurements in cells that were identified as glia (Kraig and Chesler, 1990) .
Since Kraig et al. (1986) studied animals that had relatively high arterial Peo2 values, their tissue CO2 tensions rose to maximal values of 400 mm Hg. The question arose of whether a similar discontinuous relationship could be obtained in normocapnic ani mals. We therefore studied the relationship be tween tissue lactate content during ischemia and PtC02, varying the preischemic plasma and tissue glucose contents of normocapnic rats so as to ob tain lactate contents in the range of 8-49 mmol kg -I (Ekholm et aI., 199 1) . Since the data showed a con tinuous and nearly linear rise in Ptco2 over the range of lactate contents studied, they failed to con firm a discontinuous relationship of the previously reported type.
In view of the differences in results, we felt it justified to obtain more definitive data on the rela tionship between lactate and Ptco2 in ischemia. First, we repeated our experiments in normocapnic animals and carried out experiments in those whose arterial Pco2 was raised to �80 mm Hg for 40-60 min prior to ischemia. Second, since the in vitro procedure used to measure tissue Pco2 in our pre vious study (Ekholm et aI., 199 1) could possibly lead to diffusional losses of CO2, in this study the results obtained in vitro were compared with those obtained in vivo. Third, by injecting animals with insulin, we could reduce plasma and tissue glucose concentrations sufficiently to allow measurements of Ptco2 in ischemia in the lactate range 2-10 mmol kg -I . This gave us the possibility to estimate acid production in animals whose lactate content rose only moderately during ischemia. Fourth, we wished to analyze the Pco2/lactate relationship theoretically, asking the question of whether this relationship could be mimicked by a theoretical buffer system whose buffer capacity is close to that of cerebral intracellular fluids.
MATERIALS AND METHODS

Animals and operative techniques
Male Wistar rats of an S.P.F. strain (M�llegaard Breed ing Center, Copenhagen, Denmark), weighing 270-350 g, were fasted the night preceding the experiment but al lowed free access to tap water.
The animals were anesthetized with 1.5% isoflurane and N20/02 (70:30), tracheotomized, and artificially ven tilated. Tail arterial and venous catheters were placed to allow blood sampling, blood pressure recording, and in fusions. A soft Silastic catheter was inserted into one external jugular vein. After the end of the operative pro cedures, immobilization was achieved by tubocurarine chloride. When a respiratory steady state existed, the an imals were maintained on N20/02 (70:30) with 0.5% iso flurane until decapitation. Body temperature was main tained at 37°C by external heating. The animals were ventilated to an arterial Peo2 of -40 mm Hg in the nor mocapnic group. To make animals hypercapnic, -10% CO2 was added to the gas mixture, and the respiratory volume of the ventilator was increased so as to give an arterial CO2 tension of -80 mm Hg for 40-60 min.
To vary the amount of lactate accumulated during isch emia, the plasma glucose concentrations were varied from 0.9 to 120 mM by means of intravenous infusion of a 50% glucose solution or intraperitoneal injection of 2 IV insulin kg body wt -1. Animals with the most pronounced hypoglycemia showed a suppression burst pattern in the EEG, but none had an isoelectric EEG.
Induction of ischemia
When the glucose concentration was in the desired range, the animals were decapitated, the skull bone was quickly opened, and the brains were immediately taken out from the cranial cavity. The anterior part of the left hemisphere, sampled for lactate measurement, was put into a plastic bag and placed in a water bath for incubation at 37°C while the Pco2 measurement was carried out. The right hemisphere was immediately frozen in liquid nitro gen and kept in a deep freezer at -80°C until subsequent measurement. The posterior part of left hemisphere, which was for Ptco2 measurement, was placed in a small thermostated plastic chamber with a snugly fitting Pco2 electrode. The whole procedure from decapitation to start of Pco2 measurement took -60 s.
Measurement of Ptco2 in vitro
Measurement of Ptco2 in vitro was achieved with a thermostated (37°C) Pco2 electrode (MT-2-AC; Esch weiler and Co., Kiel), incorporating a flat membrane pH electrode in an electrolyte (Eshweiler electrolyte no. 500) separated from the tissue by a Teflon membrane (Ponten and Siesj6, 1966) . The outer diameter of the flat mem brane glass electrode was 3 mm and that of the Teflon coated lower part of the Pco2 electrode 5 mm. The elec trode was calibrated at 37°C with three gases of known CO2 concentrations, in the same plastic chamber as for the tissue Pco2 measurement. The end of the electrode tip was lowered into the plastic chamber until it made gentle contact with the brain cortical surface, and mineral oil was added so that the chamber became a completely closed system.
Measurement of P tC02 in vivo
For in vivo measurements, we used a micro Peo2 elec trode (MI-720; Microelectrode) whose outer diameter was 3 mm. We paid much attention to accurate temper ature control during calibration and in vivo measure ments. The electrode was calibrated with three gases of known CO2 concentrations in a box perfused with air at 37°C and 100% humidity. The skull bone was exposed and a craniotomy was made (diameter 5 mm) on the left side. A small cup was placed around the craniotomy that was later filled with mineral oil to prevent CO2 losses from the brain surface. The temperature of the brain cortex during experiments was accurately maintained at 37.0°C by en closing the head in a Perspex box perfused with air at 37"C and 100% humidity (Minamisawa et aI., 1990) . After inducing complete ischemia by intravenous KCI injec tion, we measured Ptco2 in vivo until it reached a stable value. The Pco2 electrode was then removed and recali brated to ascertain that undue electrode drift had not oc curred.
Measurement of total CO2 and lactate content
After 10-30 min of incubation at 37°C in plastic bags, brain samples were frozen in liquid nitrogen for lactate measurements. The brain samples were kept at -80°C until analyzed. The cortical sample was extracted with HCI methanol at -22°C and subsequently processed for fluorometric enzymatic analysis of lactate (Folbergrova et aI., 1972b) .
Within 1 min after decapitation, the samples for total CO2 content (TC02) were frozen in liquid nitrogen and stored at -80°C until analyzed. The TC02 was measured with a microdiffusion technique as described by Ponten and Siesjo (1964) .
Statistics
All group data are presented as means ± SD. Test for significance was made with the Student t test. Linear re gressions were calculated by least-squares methods and tested for significance using t tests of the Pearson corre lation coefficient.
RESULTS
The present results comprise two main series of rats that were maintained normo-or hypercapnic for 40-60 min before they were decapitated and brain tissue was sampled for measurements of Ptco2, TC02, and lactate. Table 1 shows the phys iological parameters. All animals were normother mic and normotensive and had arterial P02 values around or above 100 mm Hg. The normocapnic an imals had arterial Pco2 values of 35-40 mm Hg, and the hypercapnic ones �80 mm Hg. In the latter, plasma pH was reduced. Figure 1 relates plasma glucose concentrations to tissue lactate content and tissue CO2 content. As expected, tissue lactate content in the ischemic tis sue rose as plasma glucose concentration was in creased above normal and fell when glucose con centration was reduced by insulin administration. A close relationship between plasma glucose and tis sue lactate concentration was obtained in both normo-and hypercapnic animals. At very low plasma glucose concentration (1-2 mM), tissue lac tate contents during ischemia rose to only 2-4 mmol kg -I . Since the control lactate contents are � 1. 5 mmol kg -I , lliactate in the most hypoglycemic an imals was only 1-2 mmol kg -I .
For a given plasma glucose concentration, hyper capnic animals showed a somewhat higher tissue lactate content than normocapnic ones. This prob ably reflects the higher tissue/plasma glucose con centration ratio in hypercapnic animals (Folber- , 1972a , 1974 Rehncrona et aI., 198 1) . Predictably, hypercapnic animals had a higher CO2 content than normocapnic ones. Although both normo-and hypercapnic animals showed TC02 val ues that were constant over the plasma glucose range 10-50 mM, the TC02 values at lower glucose concentrations (obtained in insulin-injected ani mals) tended to be somewhat higher. This must have raised Ptco2 relative to values obtained in normo-or hyperglycemic animals (see Discussion).
It turned out that the Ptco2 in ischemic tissue increased for at least 10-15 min during measure ment in vitro. In both absolute and relative terms, the lag before reaching the "final" value was longer in hypo-than in normoglycemic animals. In Fig. 2 , we illustrate the difference between the electrode response time during calibration and during mea surement in tissue at three Pco2 levels (100, 160, and 280 mm Hg, respectively). The figure shows that, during calibration, 95% equilibration was reached in �80 s. In contrast, during measurements in tissue, the response was considerably longer, es pecially at the low CO2 tensions encountered in hy poglycemic animals. As will be discussed below, this suggests that production of acid, and hence lib eration of CO2 from HC03 -, continues over rela tively long periods.
In relating tissue lactate content to Ptco2 during ischemia, we chose to use the 10-min values. This is because production of lactate from tissue stores of glucose and glycogen continues for 3-5 min and be cause the response time of the electrode gives a lag to 98% equilibration of 3 min. It should be noted, though, that irrespective of the time of Ptco2 re cording (5-min equilibration and 30-min equilibra tion), the Pco2/lactate relationships were continu ous and close to linear (data not shown). Figure 3 relates tissue lactate content to the" 1 0min" Ptco2 values in normo-and hypercapnic ani mals. Two principal results emerge. First, in both normo-and hypercapnic animals, the Pco2/lactate relationship was close to linear. Second, for a given tissue lactate content, hypercapnic animals had higher CO2 tensions. This is the predicted result since hypercapnic animals have a higher tissue HC03 -content and hence a larger "source" of CO2 (Siesj6 et aI., 1990) . The results make it clear that a discontinuous Pco2/lactate relationship of the type described by Kraig et al. (1986) could not be verified.
Measurements of Ptco2 in vivo were performed in 15 animals. In six of these, the preischemic tissue/ arterial Pco2 difference (Il Pco2) exceeded 20 mm Hg. These animals were therefore excluded from the material. In the remaining nine, llPco2 was 12.7 .. FIG. 1. Influence of variations in plasma glucose concentration on tissue lactate and total CO2 contents during ischemia for normocapnic animals (left) and hypercapnic animals (right). Ischemic lactate contents were a continuous function of plasma glucose concentration. Total CO2 contents in both normo-and hypercapnic animals were constant over the plasma glucose range of 10-50 mM, but were slightly higher at lower plasma glucose concentrations. ± 6.6 mm Hg at a Paco2 of 39.4 ± 1.7 mm Hg. This is a higher LlPtC02 than expected from previous measurements in cats (Ponten and Siesj6, 1966) ; however, the LlPC02 is similar to that reported by Kraig et al. (1986) . We interpret the difference to mean that, in the rat, a craniotomy with surface electrode measurements artificially raises Ptco2, probably by some impediment of venous return. As Fig. 4 shows, the in vivo and in vitro ischemic Ptco2 values were similar. Even if all 15 animals were used (mean LlP C02 was 19.0 ± 2.9 mm Hg), the results were identical. In view of these results and of theoretical arguments, we conclude that the mea surement of Pco2 by the in vitro technique is a valid procedure (see Discussion). The present series includes some Ptco2 values ob tained in animals with lactate contents as low as 2-5 mmol kg -1. During the course of our experiments (Ekholm et al., 199 1; present results) , we obtained relatively many Ptco2 values corresponding to tis sue lactate contents of from 9.5 to 2 mmol kg-I , a range that has hitherto not been studied. Figure 5 shows that at lactate contents below 10 mmol kg -I , the Ptcozllactate curve bends toward the x-axis. Ex trapolation of the curve to a normal (nonischemic) lactate content shows an increase in Ptco2 of �25 mm Hg (assuming a normal Ptco2 of 45 mm Hg; see Ponten and Siesj6, 1966) . We interpret this to show that acids other than lactate -plus H + are formed during ischemia (see Discussion).
THEORETICAL CONSIDERATIONS
It seems justified to explore the theoretical rela tionship among production of acid, preischemic tis sue He03 -content, and rise in Pco2 during isch emia. This is because consideration of these rela- 
capacity mimicking that of cerebral tissue, which is closed in the sense that CO2 cannot leave. The acid-base alterations in a buffered one compartment system can be quantitatively de scribed by the equation ( 1) where BB is the buffer base concentration, equal to the strong ion difference in the terminology of Stew art (1981) , and a-is the anion of a buffer acid (Ha), i.e., an acid that will alter its ionization in the pH range under study. As described elsewhere (Siesjo, 1985) , the terms in this equation can be expanded and rearranged to yield the following general equa tion:
where S2 (0.0314 mmol L -1 mm Hg-1 ) is the solu bility coefficient for CO2 in tissue water, K' 1 (10-6 .1 2 9 ) and K'2 (10-9 .88) are the first and second apparent ionization constants of H2C03, [H +] is the antilog of pH, KHa is the ionization constant of the conjugate acid of a buffer anion, and C is the con- centration of a nonbicarbonate buffer system (a -+ Ha). If several buffer acids are present and their K Ha values are distributed over the pH range of interest, a "continuous" buffer is obtained. If the TC02 remains constant (or is measured), this equation can be combined with another one, which states that the TC02 comprises dissolved CO2, HC03 -, and C03 2 -. We then obtain
where SI (0. 0292 mmol kg-I mm Hg-I) is the sol ubility coefficient for CO2 in whole tissue. If the control Peo2 (45 mm Hg), pH (7. 05), and TC02 val ues are inserted in Eq. 2 and 3 together with the C and KHa values chosen, [BE] can be calculated. To mimic production of lactate, [BE] can then be re duced in steps at constant TC02 content to yield both Peo2 and [H+] .
Equation 2 can be used for a single nonbicarbon ate system. If that is given a C value of -0. 050 mol kg-I and a pK equal to control pH, it mimics the buffer capacity of the tissue around that pH value. However, when pH is varied over a larger range, it is profitable to use several systems with pK values covering the pH range. We have previously used five buffer systems, each having C = 0. 010 mol kg-I but with pK values in the range 6. 1-7. 3. Our recent in vitro titration (S. Theander et al., in prep aration) and the results reported by Corbett et al. (1988) demonstrate that the buffer capacity of cere bral tissues gradually increases when pH is lowered 40 from a control value of -7 toward 5. To mimic the buffer capacity thus obtained, we have somewhat shifted the buffer concentrations and pK values to ward the acid range, keeping the total buffer con centration almost constant. We arbitrarily used the following values for C (mM): C I = 3, C2 = 5, C3 = 15, C4 = 17, C5 = 18, with the pKHa values being pK I = 6. 8, pK2 = 6. 2, pK3 = 6. 0, pK4 = 5. 8, and pK5 = 5. 6. The theoretical Peo2/lactate relation ships thus obtained under normocapnic and hyper capnic conditions are given in Fig. 6 . Clearly, in stead of continuously increasing with progressive changes in 6.BB (Siesj6 et al., 1990) , the Peo2/ lactate relationship is now close to linear. As ex pected, the absolute Peo2 values are higher under hypercapnic conditions. For example, according to Eqs. 2 and 3, if the starting Peo2 is 45 mm Hg and TC02 is 12. 8 mmol kg-I, a MB of 20 mmol kg-I is associated with a Peo2 of 196 mm Hg. If, instead, the starting Peo2 is 85 mm Hg and TC02 is 17. 8 mmol kg-I, the same change in [BB] now gives a Peo2 of 279 mm Hg.
Inspection of Figs. 3 and 6 demonstrates that the theoretical curves do not fit the experimental points. Extrapolation of the curves of Fig. 4 to nor mal lactate contents suggests that acids other than lactate-plus H+ are formed, increasing Pteo2 at constant TC02. We assumed that, in both normo and hypercapnia, such acids will be responsible for an increase in Peo2 of 30 mm Hg. This is to say that non-lactic-acid generation of H + reduced [BB] by 5. 2 mmol kg-I. To mimic this fact, [BB] was re duced by 5 mmol kg-I before the theoretical system was "titrated" with lactic acid to yield the expected so FIG. 6. Theoretical curves relating Pco2 to lactate content under normo· and hypercap· nic conditions. To mimic the buffer capacity of brain tissue, we used the following values for nonbicarbonate buffers (C): C 1 = 3, C2 = 5, C3 = 15, C4 = 17, Cs = 18 mM, with the pKHa values being pK 1 = 6.8, pK2 = 6.2, pK3 = 6.0, pK4 = 5. 8, pKs = 5.6. Initial conditions (Pco2, total CO2 content) were as described in text. Comparison between experimental points (10-min P,C02) and theoretically expected curves in normo-and hy percapnic animals. In deriving the theoretical curves, we as sumed that, in both normo-and hypercapnia, acids other than lactate -and H + are formed and are responsible for an increase in PC02 of 30 mm Hg. The theoretical curves thus obtained closely fit the experimental data in the lactate range 10-30 mmol kg -1 in both normo-and hypercapnia.
Pco2/lactate curve. As shown in Fig. 7 , the theoret ical curves thus obtained closely fit the experimen tal data in the lactate range 10-30 mmol kg -1. It is interesting to note that the buffer concentrations (C 1 -C5) and pK values used give the system a buffer capacity, defined as (4) of 33-37 (normocapnia) and 35-39 (hypercapnia) mmol kg -1 pH -1. This � value reflects the influ ence of both bicarbonate and nonbicarbonate buff ers; however, since the system is closed and the sum of HC03 -, C03 -, and dissolved CO2 is con stant, the buffering provided by HC03 -is rela tively modest (Van Slyke, 1922; Burton, 1973) .
Thus, at close to normal pH values, where the HC03 -concentration is high, buffering due to HC03 -is relatively low because the apparent pK of carbonic acid is low (6. 1) and at reduced pH val ues the HC03 -concentration is so low that its ef fect on buffering is small. U sing the equation described by Burton (1973) ,
where C is a concentration of a weak univalent acid and K ' is the ionization constant of the acid, it is possible to derive a nonbicarbonate buffer capacity (�a) of 26-28 mmol kg -1 pH -1. This is a value sim ilar to that which can be derived from in vitro 3 1p
nuclear magnetic resonance data (Boris-Moller et aI., 1988), as well as to that calculated from .:llactate and .:lpHi (K. Katsura et aI., in preparation) . All these considerations apply to a one-compart ment system. If compartmentation exists, the sys tem must be modified. If the pH changes in extra and intracellular fluid are similar, one can simply treat the system as a one-compartment one in which the C values are adjusted so that the buffer capacity of the whole system (intra-and extracellular fluids) is mimicked. As will be discussed below, compart mentation is probably not sufficiently marked to af fect the conclusion that the rise in PtC02 during isch emia is that predicted from the buffering capacity of the composite system.
DISCUSSION
Since the present results are at variance with those published by Kraig et al. (1986) , we will scru tinize the methods used and attempt to explain how the divergent results arose.
Method for estimating P tC02
Tissue CO2 tensions can be accurately measured with a CO2 electrode in vivo (Ponten and Siesjo, 1966) . Ideally, this should also be the method of choice during ischemia. However, measurements of Ptco2 in vivo are fraught with difficulties, mostly because the application of a craniotomy in rats eas ily disturbs cortical microcirculation and because in vivo Pco2 measurements lead to problems in terms of temperature control. These problems probably explain why both Kraig et al. (1986) and we ob tained a higher Ptco2 under control conditions than expected. Our in vitro procedure obviates these dif ficulties, but raises the question of whether CO2 could be lost by diffusion during excision and trans fer of the tissue to the measuring chamber. On theo retical grounds, this is not likely. Thus, diffusion of CO2 can occur only from the surfaces that are small compared to tissue bulk. Furthermore, since the system is buffered, loss of CO2 will be compensated for by "unloading" of CO2 from HC03 -. For ex ample, if a[BB] is -10, -20, and -30 mmol kg-I, the normocapnic system considered should show an increase in Pc02 from 75 to 154, 228, 292 mm Hg, as calculated from the theoretical system mimicking our own experimental data. If 3% of the total CO2 would be lost by diffusion, the Pco2 at a[BB] values of -10, -20, and -30 mmol kg-I would be re duced only by 2.0, 4.0, and 6.0 mm Hg, respec tively. This fact, and the control experiments per formed, suggest that the present Pco2 values are accurate. The figure of 3% CO2 loss is a realistic one. Thus, the TC02 measured in this series devi ated <3% from previously obtained TC02 values from this laboratory. We recall that the delay before freezing of tissue for TC02 measurements was the same as for Ptco2 measurements.
Acid production and rise in P tC02
In ischemic tissue, H+ must be produced by mul tiple reactions. As discussed elsewhere (Siesjo et aI., 1990) , these include hydrolysis of ATP and other nucleoside triphosphates, glycolytic produc tion of lactate -plus H +, and hydrolysis of phos pholipids with release of free fatty acids (FFAs). The first of these mechanisms will be operating whether animals are hypo-, normo-, or hyperglyce mic. Thus, in the range of tissue lactate from 3 to 4 mmol kg -I and higher, MlB will be due to produc tion of lactate + plus H + and of FF As. The present experiments give valuable information on this non lactic acid generation of H + since extrapolation of the ischemic Ptco2/1actate curve to a normal lactate content (1.5 mmol kg-I) showed a Ptco2 that was raised by 25 mm Hg from the normal (45 mm Hg). This value was quite close to the value (30 mm Hg) that we used to mimic the experimental data in theoretical calculations (Fig. 7) . As stated, such a change in Pco2 required an acid production of 4-5 mmol kg -I. We tentatively conclude that this is the result of hydrolysis of ATP and other nucleoside triphosphates, minus the H+ consumed during hy drolysis of phosphocreatine (Siesjo et aI., 1990; Ekholm et aI., 1991) .
Production of lactate -plus H + during ischemia from preexisting stores of glycogen and glucose continues for 3-5 min (Lowry et aI., 1964; Ljung gren et aI., 1974b; Nordstrom and Siesjo, 1978) . Thus, if lactic acid production were the only source of H +, and considering the response time of the electrode, one would expect Ptco2 to reach a con stant value after 6-8 min. This was obviously not J Cereb Blood Flow Metab, Vol. 12, No.2, 1992 the case since Ptco2 continued to increase. The fact that the lag in equilibration was particularly pro nounced in hypoglycemic animals suggests that hy poglycemia "unmasks" a non-lactic acid genera tion of H +. One such source is release of FF As, which continues for at least 60 min during ischemia (Shiu and Nemoto, 1981) . We wish to recall, though, that a slow rise in Pco2 would be encoun tered if acid (such as lactic acid) slowly diffused from a compartment with a low HC03 -concentra tion to another one with a high HC03 -concentra tion. At present, we cannot exclude this possibility, although it seems unlikely that it plays a larger role in hypo-than in hyperglycemic animals.
This leads to the question of whether Ptco2 in ischemia can be accurately defined or interpreted. We plotted the Pco2/1actate relationship using the 5and the 30-min values for Ptco2 and observed that although the relationship was different if the 5-or the 30-min values were used, the relationship none theless showed PtC02 as a monotonous function of lactate in both normo-and hypercapnic animals, without any discontinuities of the type described by Kraig et a1. (1986) (data not shown). Provided that the values are corrected for the response time of the electrode, any Pco2 is true, but it applies to a spe cific duration of ischemia. Thus, if ischemia is sus tained for 5 min, the PtC02 is somewhat lower than if ischemia prevails for �20 min. It follows from this that duration of ischemia should be specified when tissue Pco2 values are quoted.
Discrepancies in results in the literature
As remarked in the introductory section, the re sults reported by Kraig et a1. (1986) showed a dis continuous Pco2/1actate relationship that was inter preted in terms of compartmentation of H + be tween intracellular fluids, assumed to represent glial and neuronal spaces, respectively. The present results are radically different since no such discon tinuous relationship was obtained. In view of the theoretical arguments raised and the control exper iments performed, we submit that the present re sults are accurate. Then, it remains to be explained why Kraig et a1. (1986) obtained the results that they reported. Although there are some differences in the experimental approach, e.g., the anesthetic used and preexperiment fasting, it seems that the simplest explanation is that these authors drew their conclusions on the basis of too few experimental points. However, there were also differences in the modes in which the electrode was calibrated and the temperature was controlled. We wish to emphasize the following four points: First, as pointed out pre viously (Siesjo et aI., 1990; Ekholm et aI., 1991) , the Pco2/lactate relationship reported by Kraig et al. (1986) critically depends on the accuracy of two Ptco2 values, at tissue lactate contents of 19 and 30 mmol kg -1, respectively. If these two values are inaccurate, a discontinuous Pco211actate relation ship is no longer apparent. Second, although the procedures of calibrating the electrode in situ with Ringer's solution equilibrated with 5 or 100% CO2 appears accurate, problems may arise. For exam ple, the CO2 concentrations used for calibration yield Pco2 values far away from the important ex perimental range of 300--400 mm Hg. Since the mil livolt/Pco2 relationship is logarithmic, a difference of 1 m V in the recording at 100% CO2 represents 30 mm Hg in Pco2• Third, it is not immediately obvious that accurate temperature control could be achieved. During calibration, and since the super fusion cup was open to air, heat may have been lost. During measurement, it may have been difficult to maintain temperature control, particularly since the superfusion obviously was discontinued to allow addition of mineral oil. We recall that a decrease in temperature increases CO2 solubility, thereby low ering Pco2. Although this should affect the whole Pcozllactate curve, the effect is more conspicuous at high lactate contents since the time for equilibra tion is longer and the temperature will be reduced further. It is conceivable, therefore, that Pco2 was underestimated in the highest lactate range. Fourth, if the Ptco2 values were read from the record after -5 min of equilibration (see Fig. 5 in their article), this could have influenced the values reported, es pecially in the high lactate range. Thus, although the percentage millivolt difference in the Pco2 rec ord between 5 and 10 (or 30) min is the same over the whole lactate range, the difference in millime ters of mercury is larger at the higher lactate con centrations. Thus, the continuous rise in Ptco2 over the whole lactate range may have been missed since PC02 at high lactate contents was underestimated.
Since the present results fail to reveal a discon tinuous Pco2/lactate relationship but instead dem onstrate that Ptco2 during ischemia rises in a mo notonous fashion with tissue lactate, the arguments for major compartmentation of H + during ischemia are weakened. Since we have also been unable to reproduce the plateau functions for pHe reported by these authors (Katsura et aI., 1991) , the remaining indication that H + is compartmentalized during ischemia is that provided by the direct pHj measure ments reported by Kraig and Chesler (1990) , who obtained pH values in several cells, presumed to be glia, as low as 5.3. However, measurements of pHj were performed only at such excessive plasma glu cose concentrations (-50 mM) that their general validity is unknown. We submit that definitive evi dence is lacking that major compartmentation of H + between neurons and glia is present in ischemic tissue.
